Here we present the sequence of a 45 kb cosmid containing a previously characterized polymorphic Mhc class II B gene (Agph-DAB1) from the red-winged blackbird (Agelaius phoeniceus). We compared it with a previously sequenced cosmid from this species, revealing two regions of 7.5 kb and 13.0 kb that averaged greater than 97% similarity to each another, indicating a very recent shared duplication. We found 12 retroelements, including two chicken repeat 1 (CR1) elements, constituting 6.4% of the sequence and indicating a lower frequency of retroelements than that found in mammalian genomic DNA. Agph-DAB3, a new class II B gene discovered in the cosmid, showed a low rate of polymorphism and may be functional. In addition, we found a Mhc class II B gene fragment and three genes likely to be functional (encoding activin receptor type II, a zinc finger, and a putative γ-filamin). Phylogenetic analysis of exon 2 alleles of all three known blackbird Mhc genes indicated strong clustering of alleles by locus, implying that large amounts of interlocus gene conversion have not occurred since these genes have been diverging. Despite this, interspecific comparisons indicate that all three blackbird Mhc genes diverged from one another less than 35 million years ago and are subject to concerted evolution in the long term. Comparison of blackbird and chicken Mhc promoter regions revealed songbird promoter elements for the first time. The high gene density of this cosmid confirms similar findings for the chicken Mhc, but the segment duplications and diversity of retroelements resembles mammalian sequences. 
INTRODUCTION
The major histocompatibility complex (Mhc) is encoded by a large multigene family involved in the humoral and T-cellmediated immune responses of vertebrates. Class I and II genes encode glycoproteins that transport foreign peptides to the surface of cells for recognition by T-cell receptors on lymphocytes, which in turn kill infected cells [1] . The peptide binding region (PBR) of class II Mhc molecules is encoded by two genes and binds exogenous antigens, whereas the class I PBR is encoded by a single gene and binds endogenously replicating antigens such as viruses. The PBR of Mhc genes is the most polymorphic region of any vertebrate gene family; this polymorphism is manifested as high heterozygosity and large divergences between alleles and is thought to increase the fitness of the organism against pathogen variation [2] . This molecular dynamism required for disease resistance by means of Mhc polymorphism may also explain the redundancies, frequent gene duplication, and pseudogene formation in Mhc; for example, the human leukocyte antigen (HLA) class II region contains approximately 40 genes, of which several are pseudogenes and gene fragments [3] .
Segment duplications and retroelements such as long interspersed nuclear elements (LINEs) and human endogenous retroviruses (HERVs) have been observed frequently in both coding and noncoding regions of the HLA. In the class I region of humans, for example, Peri-B and Peri-C are 53-kb and 48-kb duplicons, respectively, containing HLA-B and -C coding regions [4] . Often such large duplicons contain paralogous genes, pseudogenes, gene fragments, and retroelements that permit estimation of the time of the duplication events and their subsequent diversification. Retroelements constitute more than 47% of the Mhc class I region in humans [5] , a number that is higher than the predicted value of 35% for the entire genome [6] . Repetitive interspersed retroelements may facilitate evolutionary change through deletions or duplications within multigene families by means of homologous but unequal crossingover, reverse-transcription-mediated translocations, or nonhomologous chromosomal rearrangements. Thus, retroelement-mediated genomic instability may be a major mechanism by which redundancy in mammalian Mhc was acquired.
In contrast to results for mammals, sequencing of the chicken Mhc (B complex) has uncovered a highly streamlined multigene family. The 44 kb region in the center of the B complex is extremely compact, containing 11 genes (intergenic distances as small as 30 bp), but no pseudogenes or gene fragments [7] . These genes have smaller introns than their mammalian counterparts, and most of the genes have homologues in the mammalian Mhc, suggesting a "minimal Mhc" [8] . So far, however, there has been no published characterization of repetitive elements, segment duplications, or tandem repeats in chicken Mhc other than a repeat of a single lectin gene outside the central class II region. The entire chicken B complex is contained within 92 kb with little spatial segregation of class I, II, and III regions. This paucity of repeats and the compactness of the region is consistent with experimental evidence for little or no recombination [9] , and the entire B complex is thought to co-evolve as haplotypes, with alleles 
FIG. 2.
Comparison of songbird Mhc class II B gene promoter regions with B-LBII (chicken class II), Mus E B (mouse class II), and HLA-DQ A and DP A (human class I) Mhc promoters. Within promoter motifs S, X, and Y (boxed), dots indicate matches with the consensus sequence (at top); between motifs dots indicate matches with the chicken sequence. Underlines upstream of X box are pyrimidine tracts and within or overlapping the right end of the X box are X2 motifs (protein binding factors of the following sequence: TGAG, TGAC, GTAC, or TGTCA). Putative Sp-1 binding sites (between but not overlapping the X and Y boxes) are underlined. Sequences are from the following sources: B-LBII [18] , Mus E B [48] , HLA-DQ A [49] , and HLA-DP A [50] . Degenerate nucleotide symbols are as follows: Y, C or T; M, A or C; and R, A or G. The only other avian clade whose Mhc genes have been studied at the genomic level are the songbirds (oscines), part of a larger clade of perching birds (Passeriformes) containing about 5,300 species or over half of all extant birds [10] . We have focused our attention on the Mhc of the songbird clades because they are phylogenetically distant from gamebirds and because they exhibit behaviors that may be mediated by Mhc variation. Previously we have shown that genomic regions containing songbird Mhc genes possessed a small number of relatively short simplesequence repeats (SSRs) and higher and lower frequencies of pseudogenes and functional genes, respectively, compared with chicken, making such regions structurally intermediate between those of mammals and chicken [11, 12] .
We have yet to characterize a genomic region surrounding a highly polymorphic and presumably functional avian Mhc gene. Agph-DAB1 represents one such blackbird gene whose structure and polymorphism has been characterized [13, 14] . Here we present the sequence of the cosmid bearing Agph-DAB1 (Rwcos3) and describe two segment duplications shared with another sequenced cosmid, Rwcos10 [11] , a new blackbird Mhc class II gene, Agph-DAB3, and other coding and noncoding regions that provide further details of the evolution of blackbird Mhc genes and their genomic neighborhood.
RESULTS

Features of the Blackbird Sequence
The sequence of Rwcos3 was 45,375 bases, making it the longest sequence obtained thus far from a non-game bird (Fig. 1) . The percentage of GC (%GC) of the cosmid varied from 33.0% to 78.6% in 500-bp windows (Fig. 1A) , averaging 54.5% over the entire length. We found 15 CpG islands, which are often good indicators of genes in chicken genomes [15] , in three clusters (Fig. 1B) . In addition to Agph-DAB1, a second full-length Mhc gene (Agph-DAB3) was identified using SeqHelp, along with a Mhc gene fragment (Fig. 1C ) designated transmembrane fragment 2 (TM2) because it is the second such fragment that aligns with the transmembrane-encoding exons 4-6 of Mhc class II B genes. Agph-DAB1, Agph-DAB3, and TM2 were in regions with greater than 65% GC content. SeqHelp also identified two genes, encoding a zinc finger domain and an activin receptor type II (Fig. 1C) , both with inferred coding sequences uninterrupted by in-frame stop codons. The zinc finger domain, of the Krüppel Cys2His2-type thought to regulate development through the DNA binding properties of the C2H2 finger repeats [16] , was composed of four exons (Fig. 1D ) and possessed a promoter region identified by Genscan as well as a poly(A) site (Fig. 1E) . Exon 3, the longest of the four exons, contained eight C2H2 repeats. The closest GenBank match, a Krüppel-like zinc finger on human chromosome 9, also has 4 exons with 16 C2H2 repeats in the third exon. The activin receptor type II gene, which encodes transmembrane glycoproteins, was determined to have 12 exons with a promoter region and a poly(A) site (Fig. 1E ). The closest GenBank match was a mouse activin receptor type II gene, which has 11 exons with 2 very long introns making up most of the length (> 66 kb) [17] . Similarly, 2 introns totaling 5480 bp of the predicted blackbird activin receptor gene make up more than 45% of its length. Also identified using SeqHelp were 11 short (< 30 bases) DNA segments matching a human γ-filamin gene. The DNA matches for the γ-filamin gene total 167 bases with a 97.9% GenBank match over a 4.9-kb span, suggesting a possible gene (Fig. 1C ). SeqHelp predicted five CpG islands in that region (Fig. 1B ) in a single cluster, again raising the possibility of a gene. Additionally, Genscan identified a full gene with 17 exons in the same region ( Fig. 1D ), but we were unable to find any matches of the predicted protein in the GenBank database using Blast. Overall, Genscan identified 49 exons making up the 4 genes discussed above, Agph-DAB1, and TM2 (Fig. 1D , bracketed). Eight of these predicted exons corresponded exactly to manual predictions of exons 1-4 of both Agph-DAB1 and Agph-DAB3. Exons 5 and 6 may have been missed in both genes due to their short lengths (34 and 14 bp, respectively; Chris Burge, Cambridge, Massachusetts, pers. comm.). Also, exon 4 of TM2 was correctly predicted. The exon predicted on the 5′ end of the cosmid (Fig. 1D ) aligns with a human endogenous retrovirus gag gene (encoding the viral structural capsid proteins; Table 1 ) and the two exons upstream of the activin gene produced no BLAST hits at either the DNA or the protein levels. A total of 15 microsatellites, varying in length from 10 to 70 bp and 2 to 19 repeats, were recovered using the program Sputnik (Chris Abajian, unpublished data; Fig. 1F ).
Mhc Gene Promoter Regions
Genscan did not specifically identify a typical classical Mhc class II gene promoter region of either Mhc gene in the sequence, so we searched for them by eye, using the chicken promoter regions as guides [18] . The promoter regions identified for Agph-DAB1, Agph-DAB2, and Agph-DAB3 (Fig.  2) were found 375 bp upstream of the start codon for Agph-DAB1 and Agph-DAB2, and 346 bp for Agph-DAB3. They have a structure similar to those of the chicken Mhc class II genes, with clear S, X, and Y boxes (transcription controlling sequence motifs) [19] . Agph-DAB1 and Agph-DAB2 have 20 of the 31 (64%) bases in the S, Y, and X box consensus sequence, whereas Agph-DAB3 has 17 (57%; Fig. 2 ). All three DAB genes share conserved lengths between the X and Y boxes of 19-22 bp and have X2 motifs (known to be important for promoter function) of 4-8 bp immediately downstream of the X box. A motif similar to X2 of Agph-DAB3 was found inside the X box. Agph-DAB1 and Agph-DAB2 both possess pyrimidine tracts known to be conserved in Mhc class II promoter regions of chickens and mammals and have a Sp-1 binding site with 1-bp difference (CCGCGC) from that of chickens (CCGCCC; Fig. 2 ). All of the DAB genes have the inverted CAAT motif in the Y box found in chicken promoters and the invariant G at the fifth position in the X box, which is conserved throughout chicken and mammalian Mhc class II promoter regions.
Retroelements
The program Censor identified nine retroelements; RepeatMasker recovered an additional three. Four of the retroelements were LINEs, all of which were fragmentary, ranging in size from 81 to 319 bp. Two of the LINEs aligned with CR1 elements found in chickens [20] , consisting of partial reverse transcriptase open reading frames (ORFs; Table  1 ). In addition, we found seven fragmentary retroviruses. A sequence similar to a HERVL-type retrovirus identified at the extreme 5′ end of the sequence was the longest retroelement found in the cosmid, extending 946 bp and encoding a near full-length gag gene (Fig. 1G) retrovirus elements of the mammalian types RMER10B and HERV19I, 144 and 160 bp, respectively, were identified 12 nucleotides into intron 1 of Agph-DAB1 and 3 nucleotides into intron 1 of Agph-DAB2 (Fig. 3) . Similarly, partial LINEs similar to human L1PA10 (81 bp) and LX4 (180 bp) elements were found 208 bp into intron 5 of Agph-DAB1 and Agph-DAB2, respectively. TM2 contains an element in intron 5 similar to the human MER45C DNA transposon, which inserts into the genome without an RNA intermediate, and TM1, a Mhc class II fragment on Rwcos10, has a retrovirus (HERVK type) also inserted in intron 5. The 12 retroelements totaled 2,922 bases in length and composed 6.4% of the cosmid sequence with an average of 71.8% nucleotide similarity to database matches.
Divergence of Duplicated Segments
A dot-plot analysis between Rwcos10 and Rwcos3 identified two duplicons on each, resulting in four segments, designated A (Rwcos3), A′ (Rwcos10), B (Rwcos3), and B′ (Rwcos10 ; Fig. 4) . The A and A′ segments were both exactly 13,035 bp, with no apparent compensatory insertions or deletions, and differed at 231 sites, resulting in 98.4% similarity. The B and B′ segments were 8,409 and 7,563 bp, respectively, with the retroelement type HERVH48I making up 114 bp of the 846 bp indel in segment B (Fig. 4) . Excluding the indel, the B and B′ segments were 96.8% similar with 229 differences. Segments A and A′ each contained a copy of a region identified as the γ-filamin gene and also a copy of a Mhc gene fragment described previously. Using a less diverse set of search engines, a series of unrelated gene fragments were identified in the A′ region [11] , including a retinoic acid B gene, but we now favor the hypothesis that this region contains a γ-filamin gene. We examined the segments for shared retroelements in paralogous positions that might suggest pre-duplication insertion events [4] and found three, the HERV17 type and the L1PA13_5 type shared by segments B and B′, and the CR1 element shared by segments A and A′ (Fig. 4,  asterisk) . We estimated the divergence between A and A′ (d = 0.016 ± 0.002) to be 8 million years ago (MYA) ± 1.0 million years (MY) and the divergence between B and B′ (d = 0.032 ± 0.002) to be 16.2 MYA ± 1.0 MY.
Structure, Polymorphism, and Phylogenetics of Agph-DAB3
Agph-DAB3 is 3,666 bases from start to stop codon and has a poly(A) site 142 bases downstream of the stop codon (Fig.  3) . Intron 2 of Agph-DAB3 (1423 bp), typically the longest intron of songbird Mhc class II genes, is 3.7 and 1.5 times longer than intron 2 of Agph-DAB1 and Agph-DAB2, respectively (Fig. 3) , making Agph-DAB3 the longest avian Mhc sequence found so far. A full-length inferred coding sequence of 264 amino acids showed 22 differences in exon 2 from Agph-DAB1 and 29 from Agph-DAB2, and possessed all 19 conserved amino acid residues considered important for class II gene function (data not shown) [21] , consistent with Agph-DAB3 being a functional gene. To further investigate the functional status of Agph-DAB3, we surveyed polymorphism in exon 2 (encoding the PBR). Highly expressed Mhc class II B gene PBRs tend to have high nucleotide polymorphism, higher nonsynonymous to synonymous (d N /d S ) rates of substitution, and higher numbers of alleles segregating in populations. Agph-DAB3 exon 2 exhibited low polymorphism with only four segregating   FIG. 4 . Dot-plot analysis of cosmid10 (x axis) compared with reverse complemented cosmid 3 (y axis) in which each dot represents a match of 33 nucleotides per 50. The long diagonals show segment duplicons between the cosmids and retroelements marked with an asterisk are shared between the duplicated segments. Homology between Agph-DAB1, Agph-DAB3, and Agph-DAB2 is not indicated due to their opposite orientation on the cosmid sequences. Note putative γ-filamin gene on cosmid 10 not previously reported [11] . 
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Article doi:10.1006/geno.2001.6596, available online at http://www.idealibrary.com on IDEAL sites among the six alleles found and an overall nucleotide diversity (π) of 0.0026. Tajima's D statistic was -0.852 and not significantly different from the value for a neutral locus with the same number of segregating sites (P > 0.10). The d N /d S ratio was 0.50, much lower than the ratio estimated for Agph-DAB1 (~3) [14] and the chicken B-LBII locus (1.13) [22] , both under strong balancing selection, but higher than the ratio for the chicken B-LBIII locus (0.28), a non-polymorphic but functional and expressed Mhc gene [23] .
Exon 3 is highly conserved in Mhc class II genes and is not under balancing selection, thus providing a better estimate of divergence times than does exon 2. The divergence of Agph-DAB1 and Agph-DAB3 is clearly evident from the relative coalescence times of alleles for each locus in the tree (Fig. 5) .
DISCUSSION
We have characterized a 45-kb sequence from a red-winged blackbird and analyzed in detail the presence and distribution of coding regions, retroelements, and block duplications. Although not very long by mammalian genomics standards, the blackbird sequence is one of a very few of its kind for birds. In addition to recovering a novel Mhc class II B gene, our analysis has revealed an impressive diversity of retroelements and duplicons, more so than have been described for existing chicken and quail sequences [7, 24] . These duplications are clearly not allelic to previously characterized blackbird sequences, and so are best interpreted as paralogous rather than homologous to other regions of the blackbird genome.
Function, phylogenetics, and origin of Agph-DAB3
Agph-DAB3 is a full-length Mhc class II B gene possessing the expected six exons, five introns, an identifiable promoter region, and a poly(A) tail. The location, sequence, and spacing of the promoter region of Agph-DAB3 does bear similarity to known functional X and Y boxes deemed the most important structures for promoter function in knockout experiments [19] . There was, however, no pyrimidine tract upstream of the X box or a discernable Sp-1 binding site found between the X and Y boxes as found in Agph-DAB1, Agph-DAB2, and the highly polymorphic B-LBII locus in chickens. Also, the promoter region of Agph-DAB3 differed from chicken and mammalian Mhc promoters with only three matches with the consensus S. This homology of the S box seems tenuous, but 5′ deletion analysis revealed that this region is less important for promoter function [19] . The promoter region of the B-LBIII locus of the B12 haplotype from a chicken lacks a homologue of the S box and has two mutations in the core of the Y box [18] , but continues to be expressed at low levels [23] . Perhaps B-LBIII and Agph-DAB3 are in the process of degeneration; alternatively, their non-polymorphic PBRs may target highly conserved epitopes of certain pathogens, as in some non-classical mammalian Mhc genes [25] . Consistent with this second hypothesis, the d N /d S ratio of the PBR is less than 1, implying weak stabilizing selection. This last suggestion indicates that blackbird Mhc genes experience a diversity of types of selection, from balancing (Agph-DAB1) to stabilizing (Agph-DAB3) to loss of function (Agph-DAB2).
Avian Mhc genes tend to cluster phylogenetically by species rather than by gene, suggesting either recent gene duplications or higher rates of interlocus gene conversion than that of mammals [26] . Agph-DAB1, Agph-DAB2, and Agph-DAB3 haplotypes formed monophyletic clades, implying that if interlocus gene conversion does occur, it does so at a level low enough or far enough in the past to preserve phylogenetic integrity of extant alleles at these loci. However, the blackbird Mhc genes are still very closely related to one another compared with typical paralogous mammalian class II genes, even those in the same subfamilies, such as human DRB1 and DRB2; many mammalian paralogous Mhc genes are thought to have diverged over 60 MYA. The bird results are consistent with a model in which duplications or gene conversion events occurred after the divergence of blackbirds and other songbird species sampled so far [11, 12] .
The tree in Fig. 5 indicates that Agph-DAB2 is the descendant of an initial duplication event before the duplication that gave rise to Agph-DAB1 and Agph-DAB3. By contrast, the occurrence of possible homologous retroelements in Agph-DAB1 and Agph-DAB2 suggest that these genes may be more closely related to one another than to Agph-DAB3. Homologous retroelements have often been used as phylogenetic markers to infer the order of duplication events [27] , as integration into the same location is unlikely to occur convergently and is irreversible. The low bootstrap value placing Agph-DAB1 and Agph-DAB3 as a sister group (60%) indicates that the sequences exhibit a muted phylogenetic signal, perhaps due to homoplasy, ancient interlocus gene conversion, or an inappropriate outgroup. The retroelements shared between duplicons B and B′ (HERV17 and L1PA13_5 element types) and duplicons A and A′ (CR1) are further examples of retroelements as indicators of common ancestry.
Mammal-like Retroelement-Mediated Duplications?
In the class I-α block region of the human Mhc there are 10 tandem segment duplicons, each up to 50 kb, with interspersed repetitive elements making up to 29% of sequence. The shorter duplicons observed in our sequences (< 13.5 kb) may be related to the smaller genome size of birds relative to mammals or other processes that minimize the amount of junk DNA and redundancy in avian genomes [28] . Consistent with this are the low frequency of microsatellites, which are absent from the chicken B complex and are estimated to compose only 0.44% of the chicken genome [29] , and are also infrequent in the combined blackbird cosmids (0.78%). In addition, 22 retroelements were identified across cosmids Rwcos3 and Rwcos10. This density of retroelements (6.35%) is much lower than mammals, and is also lower than estimated for chickens (17%) [29] . Based on their occurrence near the ends of duplicons, repeat elements have been proposed to help duplicate Mhc segments as well as generate multiple Mhc gene fragments [4, 30] . Although we did not find evidence for these mechanisms in the blackbird cosmids, it is possible that duplicons larger than those currently available were undetected in this study but are facilitated by repeats.
Evidence suggests a more recent ancestry for duplicons A and A′ than for B and B′, in addition to the twofold more recent estimate of divergence time for A and A′ from sequence comparisons. As expected for older duplications, segments B and B′ have accumulated more post-duplication retroelement insertions, compared with no insertions in segments A and A′. The inferred amino acid sequences of TM2 and TM1 and the γ-filamin genes shared between the A and A′ duplicons are nearly identical (data not shown). These results imply a history of duplication events occurring at different times. In conjunction with the divergence times of the blackbird Mhc genes, the segments imply three tiers of duplication, approximately 8 MYA (segment A and A′), 16 MYA (segment B and B′, Agph-DAB1, and Agph-DAB2), and 31 MYA (Agph-DAB3 and Agph-DAB1). These divergence times describe divergence since duplication or since the last round of interlocus gene conversion. Although exon 3 is subjected to interlocus gene conversion and concerted evolution [31] , which will bias the estimated dates of divergence [32] , we expect this to be minimal because the interlocus phylogeny bears no evidence of frequent gene conversion in the recent ancestry of these genes.
Comparison with chicken B locus
The two class II-bearing blackbird cosmids we have characterized thus far, totaling 84 kb, are nearly as long as the entire Mhc B complex in chickens (92 kb). None of the non-Mhc genes recovered from our blackbird sequences (zinc finger, activin [7] , and was analyzed for this paper. b SSR data was calculated with the program Sputnik.
Sequence analysis. The final contig was analyzed for possible genes, exons, and CpG islands using SeqHelp [35] and associated internal modules such as Genscan [36] , which identifies promoter regions by searching for TATA boxes followed by initiator signals. Microsatellites were determined using the program Sputnik (Chris Abajian, unpublished data) and retroelements were identified by comparison with sequences available in the database Repbase using Censor (37; http://www.girinst.org) and a local database using RepeatMasker (Arian Smit and Phil Green, unpublished data). Both programs screen the DNA sequence using a library of known mammalian, fish, and amphibian repeats. A custom library was constructed for screening with RepeatMasker consisting of CR1 (chicken repeat 1) elements, which are a class of LINEs thus far found only in chickens [20] , and gag sequences recently characterized found in grouse (Tetraoninae) [38] . We also re-analyzed Rwcos10 with all of these methods. Rwcos3 and Rwcos10 were compared with each other using the GCG package programs "Compare" and "Dotplot," using a stringency of 33/50 (Genetics Computer Group, Madison, Wisconsin).
Polymorphism of Agph-DAB3 exon 2. We designed primers in less-conserved regions of introns 1 and 2 (DAB3_exon2F, 5′-GAACTTTGGGGGTGCTGT-3′, and DAB3_exon2R, 5′-GAAATGACTGGTCATGGACT-3′) to amplify exon 2 sequences specific to Agph-DAB3. Nine blackbirds were amplified and directly sequenced in both directions using the amplification primers. The sequences were aligned by Phrap, heterozygous sites were called by PolyPhred [39] and inspected manually. PolyPhred finds potential heterozygotes in the chromatograms based on a predictable reduction in peak heights when compared with homozygous sites. The program Hapinfer [40] reconstructed the haplotypes from the unphased diploid sequences. Hapinfer constructs haplotypes through a heuristic chain of inference in which homozygotes are first determined, then the remaining haplotypes are made from combinations of the remaining ambiguous sites. We used the software package Mega [41] to calculate the number of synonymous (d S ) and nonsynonymous (d N ) substitutions per site using the Jukes-Cantor method [42] . Other sequence statistics, such as Tajima's D, a measure of the departures of sequence patterns from neutral expectations [43] , and the number of segregating (polymorphic) sites were calculated using DNAsp [44] . Mega was also used to determine the total number of substitutions per site d between the duplicated segments using the Kimura 2-parameter distance method [45] . The relationship d = 2µT, where µ is the substitution rate and T is the divergence time, was used to infer the times of divergence of the duplicated segments and also the divergence times among Agph-DAB1, Agph-DAB2, and Agph-DAB3. A silent (noncoding) mutation rate of 1 × 10 -9 substitutions per site per year (µ) has been estimated for introns and exons of human DRB genes and was used in this study [32] . This mutation rate was estimated under the assumption of, and presumably in the absence of, gene conversion, which is known to elevate silent rates in Mhc genes [46] . Thus, this estimate will be more appropriate for blackbird regions probably not experiencing gene conversion (such as noncoding DNA, retroelements, and introns) than to those that are (such as peptide-binding exons).
Phylogenetic analysis. We analyzed phylogenetically previously published exon 2 haplotypes from blackbird genes Agph-DAB1 [14] and Agph-DAB2 [11] , in addition to the new haplotypes from Agph-DAB3 (n = 6; this study), and used a Mhc class II sequence from a Scrub Jay (Apelocoma coerulescens) [31] as an outgroup. The Agph-DAB2 and Agph-DAB3 alleles consist of full-length exon 2 sequences (269 bases), whereas the Agph-DAB1 haplotypes represent the last 89 bases. We used the neighbor-joining method with the Kimura 2-parameter model as implemented in the program PAUP*4b [47] to construct the phylogenetic relationships and tested branches for significance with 2000 bootstrap replicates.
receptor type II, and the γ-filamin) occur in the B complex and no retroelements have been detected, compared with 22 in our songbird sequences. These patterns indicate that orthology does not exist or that the evolution and structure of the Mhc regions between chickens and songbirds is vastly different. Alternatively, the higher density of retroelements in the blackbird sequences may indicate a genomic region undergoing degeneration away from the typical pattern of genomic streamlining observed in chickens. Table 2 does imply some similarities between the Rwcos3 sequence and the chicken class II region of the B complex; for example, the SSR density, the average GC content, and the gene density are roughly the same. Clearly, however, the limited sequencing in Mhc-containing regions of songbirds already reveals substantial structural diversity and divergence from the B complex. Similarly, Mhc sequences from a close relative to chickens, the Japanese quail, is nearly twice as long (150 kb) and less streamlined than the B complex, with six duplicated B-G genes, three NKR genes, and six B-lectin genes. It remains to be seen whether the B complex is representative of other avian Mhc genes. Like the mammalian Mhc, the picture emerging from these first fragments of avian Mhc genomics is one of a very dynamic region with frequent duplication of genes and gene fragments. Identification and sequencing of songbird contigs, particularly those containing single-copy genes found in the chicken B complex, should clarify the extent to which genomic processes in these two groups are similar.
